Acid-base status and renal acid excretion were studied in the Dahl/Rapp salt-sensitive (S) rat and its genetically salt-resistant counterpart (R). S rats developed hypertension while on a very high salt diet (8%) and while on a more physiological salt diet (1%) and remained normotensive while on a very low salt diet (0.08%). Under the high salt diet, intracellular pH measured in freshly isolated thymic lymphocytes using 2',7'-bis (carboxyethyl)-5 (6)-carboxyfluorescein acetomethyl ester, a pH-sensitive dye, was lower in S than in R rats both when measured in the presence of HCO3/CO2 (7.32±0.02 vs. 7.38±0.02, respectively, P < 0.05) and in its absence (7.18±0.04 vs. 7.27±0.02, respectively, P < 0.05). Under the high salt diet, net acid excretion was higher in S than R rats (1,777±111 vs. 1,017±73 gEq/24 h per 100 g body wt, respectively, P < 0.001), and this difference was due to higher rates of both titratable acid and ammonium excretion. Directionally similar differences in intracellular pH and net acid excretion between S and R rats were also observed in salt-restricted animals. In S and R rats placed on a normal salt intake (1%) and strictly pair-fed to control food intake as a determinant of dietary acid, net acid excretion was also higher in S than in R rats (562±27 vs. 329±21 ,uEq/24 h per 100 g, respectively, P < 0.01). No significant difference in either blood pH or bicarbonate levels were found between S and R rats on either the 0.08%, 1%, or 8% salt diets. We conclude that renal acid excretion is augmented in the salt-sensitive Dahl/Rapp rat. Enhanced renal acid excretion may be a marker of increased acid production by cells from subjects with salt-sensitive hypertension. (J. Clin. Invest. 1993. 91:2178-2184 Key words: saltsensitive hypertension * acid excretion * intracellular pH -Na+ / H + antiporter * acid base
Introduction
have shown that intracellular pH (pHi)' in lymphocytes from the spontaneous hypertensive rat (SHR) is lower than that of the normotensive Wistar-Kyoto rat (WKY) (1, 2) . Other investigators have reported mild metabolic acidosis in the SHR and Milan hypertensive rat (3) , and in the stroke-prone SHR (4) as compared to their respective normotensive controls. Lower extracellular pH and bicarbonate levels have recently also been described in salt-sensitive compared to salt-resistant humans (5) . Enhanced activity of the Na+/H' antiporter, a major mechanism of cell defense against cellular acidification, has been reported in lymphocytes and platelets from the SHR (6) , and in the renal brush border membrane of SHR (7) and Milan hypertensive rats (8) . Others have shown enhanced responsiveness ofthe renal proximal Na+/H+ antiporter of SHR rats to certain hormonal stimulations (9) . Based on our findings that lymphocytic pHi was reduced in the SHR, and that the kinetic properties of the Na+/H+ antiporter were virtually identical between lymphocytes from SHR and WKY rats, we have advanced the hypothesis that overactivity of this antiporter is not a primary event, but rather reflects intracellular acidosis in the SHR model of hypertension ( 1, 2) .
The Dahl/Rapp rat, a widely used model of salt-sensitive genetic hypertension, has not been studied with respect to acidbase status. This model is particularly useful to study genetic hypertension because the inbred salt-sensitive (S) and salt-resistant (R) rats are genetically identical at 80% of the defined loci, whereas SHR and WKY rats have a more heterogenous background (10) . We thus decided to measure pHi in this model of hypertension, reasoning that an abnormality ofintracellular acid-base homeostasis should have an impact on renal acid excretion. Accordingly, we studied parameters ofintracellular and extracellular acid base status, as well as renal acid excretion in the Dahl / Rapp salt-sensitive rat as compared to its genetically salt-resistant control. These studies were performed in S rats made hypertensive by exposure to a high salt diet, and in S rats in which the development of hypertension had been prevented by severe salt restriction. To rule out differences in food intake as a confounding factor, additional studies were conducted in S and R rats under strict pair-feeding conditions, and while on a more physiological level of salt intake (1%).
Methods
Animals and diets 3-wk-old male Dahl/ Rapp S and R rats obtained from Harlan Sprague Dawley (Indianapolis, IN) immediately after weaning, were allowed to acclimatize for [1] [2] In additional studies, 3-4-wk-old S and R rats were placed on a normal rat diet (1% salt, No. 90382; Teklad) for a total of 5 wk. During the last 11 d on this diet, S and R animals were strictly pair-fed while housed in individual metabolic cages. Body weight and food intake were monitored daily whereas systolic blood pressure was measured every 3-4 d by the tail-cuff method (1).
Study protocols Intracellular pH. This protocol was designed to evaluate the pHi of freshly obtained thymic lymphocytes from S and R rats. After 3 wk on either a high (8%) or a low salt diet (0.08%), the rats were weighed and anesthetized with 10 mg/ 100 g body wt ethyl, l-methylpropylthiobarbiturate (Inactin; BYK Gulden, Hamburg, Germany) given intraperitoneally. The chest cavity of the rat was opened, and the thymus removed with fine forceps and cleaned of blood vessels. Intracellular pH was measured in freshly prepared suspensions of thymic lymphocytes as described previously (1) . In brief, contaminating blood was removed from the thymus preparation by rinsing in RPMI 1640. The thymus was then minced and pipetted vigorously with a syringe several times. Large cell aggregates and connective tissue were removed by passing through four layers of surgical gauze. The resulting suspension of lymphocytes, free of contamination by red blood cells, was centrifuged at 150 g for 5 min. The cell pellet was then washed and resuspended in RPMI.
The pH-sensitive fluorescent probe 2',7'-bis(carboxyethyl)-5(6)-carboxyfluorescein acetomethyl ester (BCECF-AM) was used to determine pHi as described previously (I). In brief, cell suspensions (2-2.5 x 107 cells/ ml) were incubated with BCECF-AM (3 pg/ ml) for 30 min at 370C. The dye-loaded cells were kept under constant magnetic stirring in a thermostatically controlled cuvette (370C) in a spectrofluorometer ( LS-5; Perkin-Elmer Cetus Instruments, Norwalk, CT). Fluorescence measurements were taken at excitation wavelengths of 500 and 440 nm with an emission wavelength of 520 nm. Steady-state pHi was taken after the first 5 min ofstable BCECF-AM fluorescence recording.
pH, was calculated from the ratio of 500:440 BCECF-AM fluorescence signals using the slope and the intercept ofa calibration curve generated for each experiment.
The All calibration curves had a correlation coefficient of 0.99 or higher. Extracellular acid-base status and renal acid excretion. In a separate group of S and R rats, which had been on either a high (8%) or a low (0.08%) salt diet for 3 wk as in the previous group, we evaluated renal acid excretion and extracellular acid-base status. For the collection of urine for evaluation of urinary acid and electrolyte excretion, individual animals were placed in individual metabolic cages with free access to their respective diets and tap water. Two consecutive 24-h urine samples were collected in flasks containing mineral oil and thymol preservative, located below each cage. After this, body weight and blood pressure were measured daily in each animal. This metabolic study was followed by arterial cannulation for the examination of the systemic acid-base status of S and R rats. For this, the rats were anesthetized with methohexital (Brevital; Eli Lilly and Co., Indianapolis, IN) given intraperitoneally (0.5 mg/ 100 g body wt). One carotid artery and one jugular vein were then cannulated. Under light anesthesia, an arterial blood sample was drawn for the measurement of blood pH, Pco2, and bicarbonate levels. Immediately after this, the rats were further anesthesized with ethyl, I -methylpropylthiobarbiturate (Inactin; BYK Gulden), 10 mg/ 100 g body wt i.p., and placed on a servocontrolled heated table. After tracheostomy the rats were connected to a rodent respirator (model 680; Harvard Apparatus Co., Inc., S. Natick, MA), and were ventilated at a rate adjusted to sustain a blood Pco2 of -40 mmHg. This protocol was also used to measure GFR. The bladder was catheterized through an abdominal incision, and ['251]iothalamate diluted in saline (0.75 tCi/ml; 0.024 ml/min) was infused i.v. An equilibration period of 60 min was allowed before any collection was started. Urine was then collected under mineral oil over two 60-min periods. In the middle of each period, arterial blood samples were drawn for the measurement of pH, Pco2, electrolytes, and [12511 iothalamate as previously described ( 11 ) .
Extracellular acid-base status and renal acid excretion in pair-fed S and R rats on a 1% salt diet. In this group ofanimals we used a 1% salt diet to evaluate acid excretion under conditions ofa more physiological salt intake. At the time of study these animals were -2 wk older than the animals in the previous two groups (8 and 0.08% salt diets). To rule out differences in food intake as a possible factor accounting for differences in renal acid excretion between S and R rats, the animals in this series were strictly pair-fed. Following an evaluation under ad lib food intake for 4 d, pair-feeding was started and maintained for 11 consecutive days. Free intake of water was allowed throughout the study. Food and water intake were measured and, for the assessment of renal acid and electrolyte excretion, 24-h urine samples were collected daily. At the termination of this study, these animals were prepared for surgery and arterial cannulation for evaluation of systemic acid-base status, and GFR measurements as described above.
Analytical methods
The pH of the urine samples was measured immediately after collection on a Radiometer system (Radiometer America Inc., Westlake, OH). Titratable acidity was calculated from the amount of 0.1 NaOH used to titrate a l-ml sample (0.1 ml urine plus 0.9 ml distilled water) up to a pH of 7.4 ( 1). Ammonium was measured by a formalin titrimetric method ( 11) . Blood pH and Pco2 were measured immediately after collection from the carotid artery on a Radiometer system. Blood bicarbonate concentration was calculated from the pH and Pco2 using the Henderson-Hasselbalch equation. Since bicarbonate concentration at the urinary pH range observed ( -6.4) is small, we ignored urinary bicarbonate for the calculation of net acid excretion which was estimated from the sum of titratable acidity and ammonium excretion. Sodium and potassium were measured using a flame photometer. Chloride was measured by colorimetric titration with potentiometric endpoint detection.
Statistical analysis
To determine if there were significant differences between S and R rats in a given variable, statistical analysis was performed using the Student's t test (unpaired data analysis). For repeated measures over time of a given variable we used two-way ANOVA. Differences were considered significant if P < 0.05. Data are expressed as means±SEM.
Results
Intracellular pH (Table I) . In rats on a high salt diet, the pHi of thymic lymphocytes was significantly lower in S than in R rats.
This difference in pHi was observed both in the presence and absence of HCO3/CO2 in the media. In rats on a low salt diet, mean pHi was also lower in the S than in R rats, but the difference did not reach statistical significance.
Severe dietary salt deprivation was associated with reduced pHi in both S and R rats as compared to their respective counterparts placed on a high salt diet. This difference, however, achieved statistical significance only when pHi was measured in the presence of HCO3/CO2 in the media (Table I) . As expected, systolic blood pressure was higher in S rats on the high salt diet than in S rats on the low salt diet. In contrast, in R rats the high salt diet had no significant effect on blood pressure as compared to the low salt diet (Table I) . This is in keeping with the well known resistance of R rats to the development of salt-sensitive hypertension ( 12) . Under the low salt diet, both S and R young rats displayed stunted growth as The numbers in parentheses denotes number of rats studied. * P values between S and R rats on a low salt diet. P values between S and R rats on a high salt diet. § Statistically significant difference (P < 0.05) between high salt and low salt groups (R vs R and S vs S, respectively). Unless indicated by the asterisk no significant differences were found between R and R or between S and S.
evidenced by a marked impairment of body weight gain as on a low salt diet as compared to those on a high salt diet (see compared to rats of the same age placed on the high salt diet.
pHi data (HCO3/CO2) in Table I ).
Stunted growth has been previously demonstrated in Dahl rats
Under the high salt diet, S rats had markedly higher rates of subjected to extreme dietary salt deprivation ( 12) .
acid excretion than those of R rats, and this difference was due Extracellular acid-base status and renal acid excretion (Ta-to higher rates ofboth ammonium and titratable acid excretion ble II). No significant differences in blood pH and blood bicar- (Table II) . The urinary pH was slightly but significantly lower bonate were found between anesthetized S and R rats on either in S than in R rats. The difference in urinary pH, however, was the high or low salt diets (Table II) . When measured during too small to account for the larger difference in titratable acid spontaneous respiration under light anesthesia, blood pH and suggesting that the excretion of urinary buffers, namely phosblood Pco2 were also not significantly different between S and phate, was higher in S than in R rats. GFR was not significantly R rats on either a low or a high salt diet (data not shown).
different between the two strains. Blood pH and bicarbonate levels in both S and R rats Under the very low salt diet, S rats also excreted more amplaced on the low salt diet (0.08%) were significantly lower monium and titratable acidity than R rats. Although the differthan in their respective counterparts on the high salt diet (8%).
ence in either ofthese two parameters did not achieve statistical The finding of metabolic acidosis during severe salt deprivasignificance, net acid excretion was significantly higher in S tion was in keeping with the finding oflower pHi in S and R rats than in R rats (Table II) . There were no significant differences tP values between S and R rats on a high salt diet. §Statistically significant difference (P < 0.01) between high salt and low salt groups (R vs. R and S vs. S). Unless indicated by the asterisk statistically significant differences were not found.
TA, titratable acidity; NAE, net acid excretion.
in GFR between S and R rats subjected to severe salt deprivation. Sodium excretion was virtually zero in both S and R rat strains.
Excretion of titratable acidity, ammonium, and net acid were markedly lower in both S and R rats under the low salt diet than in their respective counterparts on the high salt diet.
The lower rates of acid excretion of animals on a low salt diet were noted despite the fact that systemic acidosis had developed in these animals.
Extracellular acid-base status and renal acid excretion in pair-fed S and R rats on a 1% salt diet (Table III and Figs. 1  and 2 ). In this group food intake was monitored daily throughout the metabolic study. During pair-feeding, food intake (by design) and the gain in body weight were similar in Sand R rats (Fig. 1 ) . Throughout the period of pair-feeding blood pressure was higher in S than in R rats (data not shown). Blood pressure data at the end of the pair-feeding protocol are given in Table III .
Both before and during pair-feeding, urinary excretion of titratable acid, ammonium and net acid was higher in S than in R rats ( Figs. 1 and 2 ). Arterial acid-base parameters, evaluated after the completion of the metabolic study in anesthetized rats, revealed no significant difference in either blood pH or blood bicarbonate between S and R rats (Table III) . Plasma levels of sodium, chloride, and potassium, as well as GFR were also not significantly different between the two groups. Plasma potassium levels were slightly reduced in both S and R rats. GFR was not significantly different between the two strains. Fig. 3 summarizes the data on net acid excretion, corrected per 100 g body wt, of S and R rats placed on the three different levels of salt intake (0.08, 1, and 8% salt diets). The extreme level of salt intake (8%), usually used to produce hypertension in the S rat (12) , is clearly supraphysiological, and is also problematic because acid excretion is influenced by salt intake ( 13, 14) . It is, thus, important to point out that we were able to ( 12, 15) . Thus, with the data available to us, the issue of intrinsic differences vs differences secondary to high blood pressure is best addressed from the data of S and R animals on a very low NaCl diet. Under this condition blood pressure was not different between S and R rats and yet a small but significant difference in net acid excretion was already apparent (see Fig. 3 observed when the development of hypertension in S rats was prevented by extreme dietary salt deprivation (Fig. 3) . We interpret our finding of enhanced renal acid excretion in S rats as being secondary to increased metabolic acid production. This is suggested by our finding of decreased pHi in S as compared to R rats (Table I ). In the face of relative intracellular acidosis, addition of acid equivalents into the systemic circulation would result in titration ofplasma bicarbonate leading to systemic acidosis. A significant difference in extracellular acid-base status between the S and R rats, however, could not be demonstrated in this study (Tables II and III) . It should be noted that in the face ofa renal adaptive increase in acid excretion changes in extracellular acid-base parameters could be discrete or even completely lacking. Extracellular buffering mechanisms would also contribute to the prevention of acidemia or to its attenuation in S rats.
The markedly increased renal acid excretion found in the S rat is, in fact, the expected renal adaptive response to a systemic acid overload. According to our hypothesis, intracellular acidosis and the attendant addition of acid equivalents into the circulation, even when unaccompanied by a detectable extracellular acidosis, would be the signal for the stimulation of renal acid excretion. It should be noted that rats given exogenous acid loads to produce experimental metabolic acidosis may develop only a transient fall in extracellular pH ( 16). After 2-3 wk of acid loading the metabolic acidosis subsides because renal compensatory mechanisms, including redistribution of vacuolar H+ ATPase towards the apical pole of renal intercalated cells, result in increased renal bicarbonate reclamation and enhanced acid excretion which eventually leads to a correction of the fall in plasma bicarbonate ( 16) . Thus, overt metabolic acidosis does not need to be a feature accompanying chronic acid overproduction for the same reason that exogenous acid administration may not result in sustained metabolic acidosis when full compensation has taken place. The foregoing observations also suggest that the higher rate of acid excretion found in S compared to R rats is not likely to be the result of an intrinsic renal abnormality. If the observed increase in renal acid excretion had been the result ofa primary renal abnormality, one would have expected to find an increase in plasma bicarbonate in S rats, as found in the syndromes of metabolic alkalosis of renal origin ( 17) . Extracellular pH and bicarbonate levels in S rats, however, did not reveal the presence of metabolic alkalosis. If anything, extracellular pH tended to be lower in S than in R rats (Tables II and III) . As in previous studies in young Dahl rats ( 18), GFR was not significantly different between S and R rats, suggesting the higher acid excretion of S rats could also not be ascribed to a higher GFR. Thus, the observed augmentation in acid excretion does not appear to be due to a primary renal abnormality in S rats. Rather it appears to be the result of a renal adaptation to systemic acid overproduction.
Increased renal acid excretion in the S rat was not due to increased food intake, as demonstrated by the pair-feeding study. This indicates that differences in protein intake, an important factor influencing the amount of acid excreted, can be excluded as the cause of increased acid excretion in the S rat. If acid production from food intake is excluded, then a perturbation of cellular metabolism resulting in an increased production of proton equivalents, seems likely in S rats. The possibility of enhanced losses of potential base in the stools causing systemic acidosis in S rats needs to be considered as well. While we cannot completely exclude this possibility, we favor the notion of enhanced acid production at the cellular level.
With few exceptions, cells acidify their environments because ofacidic products ofenergy metabolism. Energy metabolism is largely regulated by cellular demand for ATP, which arises from several metabolic processes. In this respect, it is of interest to note that hypertension is associated with various , and high salt diet (8%). Significant differences were observed at all levels of salt intake by Student's t test (unpaired data analysis).
metabolic abnormalities (19, 20) . Higher oxygen consumption, indicating increased basal metabolic rate, has been described in the SHR model ofhypertension (2 1 ). Body temperature is also higher in the SHR than in the WKY rat (22) . It is of interest to note that when temperature increases up to 370C, there is a progressive fall in pHi (23) . We mention this point on purely speculative grounds, because cell temperature was controlled at 370C in the cuvette in which cells were suspended for pHi measurements. Moreover, we know ofno data pertinent to body temperature or metabolic rate in the Dahl rat. It is possible that the underlying metabolic process that could cause an increase in body temperature in vivo in the SHR, ifalso present in salt-sensitive Dahl rats, may likewise be responsible for increased cellular acid production. One may also speculate, that increased acid excretion in S rats could be somehow related to the abnormalities in lipid and carbohydrate metabolism resulting from the presence of insulin resistance in this model of salt-sensitive hypertension (24). The hypertriglyceridemia present in the S rats could, by shifting energy production towards fatty acid oxidation (Randle's cycle), leading to the accumulation ofacidic metabolites (25) . Our finding ofintracellular acidosis may be related to the same or to a similar underlying metabolic process which results in cellular acid over production. In this context, enhanced acid excretion by the kidneys may provide a total body marker for enhanced cell metabolism associated with hypertension. Under extreme dietary salt restriction, extracellular and intracellular pH were reduced in both S and R rats compared to their counterparts on the high salt diets. Despite the marked intracellular acidosis, acid excretion was not higher in these rats than in those on the high salt diets. This likely reflects a limitation in the ability of the kidneys to augment acid excretion under conditions of a profound impairment in sodium delivery to the H+ secretory sites in the distal nephron ( 13, 14) . In fact, inability to increase acid excretion maximally as a result of such a limitation may have contributed significantly to the development of metabolic acidosis in the rats on the very low salt diet. Even under these seemingly extreme conditions, however, net acid excretion was still higher in S than in R rats (Fig. 3) . Thus, a higher rate of acid excretion appears to be a feature of salt-sensitive Dahl/Rapp rats which is present at all levels of salt intake likely reflecting endogenous acid overproduction.
How could our findings of increased renal acid excretion and reduced pHi relate to hypertension in the S rat? One possibility is that intracellular acidosis could stimulate both renal bicarbonate and sodium reabsorption. In response to acid loading or metabolic acidosis (26, 27 ) the activity of the Na+/H' exchanger in renal proximal cells increases. Overactivity ofthis transporter would lead to enhanced Na' reabsorption as well as H' secretion (HCO; reabsorption) (28, 29) . One can thus envision a situation where increased activity of the Na+/H' antiporter, resulting from increased cellular acid production, could play a role in the initiation ofhypertension by contributing significantly to renal sodium retention in S rats. We think the findings ofthe present study may explain previous observations that provision of sodium as sodium bicarbonate or sodium citrate, unlike sodium chloride, does not increase blood pressure in salt-sensitive individuals (30 (Table III) . This is likely due to the well known phenomenon of pressure natriuresis (31) . That S rats do have a reduced ability for Na' excretion is best uncovered when systemic blood pressure in R rats is increased to the level of S rats ( 18 ) .
Under this condition, Na' excretion in S rats is clearly lower than in R rats.
Another link between acid overproduction and hypertension can be envisioned at the level of cells other than kidney cells where reduced pHi would also stimulate Na+/H+ exchange thereby promoting cell Na' influx and intracellular Na' accumulation. This increase in cell Na' could also contribute to an increase in intracellular Ca2" via a plasma membrane Na+/Ca2" exchanger. There is recent data from our laboratory showing that under a high salt diet, thymic lymphocytes from Dahl/Rapp S rats but not R rats, display an increase in free cytosolic Ca2" (32) . Thus, it seems likely that Dahl/Rapp S rats have some ofthe same alterations in ionic cell composition described in thymic lymphocytes from the SHR model, which include reduced intracellular pH (1), elevated free cytosolic Ca2" (33) and elevated free cytosolic Na' (34) . Intracellular acidosis may be part ofa generalized alteration in cellular ionic composition prevailing in some forms of genetic hypertension which may be expressed at the whole animal level by enhanced renal acid excretion.
The notion of acid overproduction would be in line with our earlier suggestion, that increased activity of the Na+/H+ antiporter in hypertension is not a primary event, but rather, a physiological response to intracellular acidosis ( 1, 2). In this respect we wish to note that in platelets and in cultured vascular smooth muscle cells from hypertensive models overactivity of the Na+/H' antiporter has been described in association with a normal (35) or a high pHi (36) . These seemingly contradictory findings can be explained, in our opinion, on the basis of in vitro platelet hyperreactivity which has been described in platelets from hypertensive subjects (37) or stimulation of the antiporter during enhanced growth in culture, a feature of vascular smooth muscle cells from the SHR (36, 38) . Overactivity of the antiporter in these cell models may result from protein kinase C activation (39) . We think that unstimulated lymphocytes best portray the cellular acid-base environment prevailing in vivo in the whole animal. In freshly isolated thymic lymphocytes pHi can be measured with minimal disruption of cellular structures and functions. The possibility of cell specific differences in pHi between hypertensive and normotensive subjects, however, needs to be considered as well. Differential regulation of the antiporter by acid-feeding has been recently reported by Moe et al. (26) . These authors have shown that acid feeding increases Na+/H+ antiporter mRNA levels in renal cells but decreases it in fibroblasts (26) . 
